Section loss Strength Ductility a b s t r a c t One of the main load resisting elements in prestressed concrete bridges is prestressing steel.
Introduction
The loss of load carrying capacity, stiffness, and ductility in concrete structure due to corrosion has been studied by internal factors. The internal factors are mostly environmental factors at the level of the steel inside the concrete; oxygen, relative humidity, temperature, carbonation, acidic gaseous pollutants, and chloride ions. These factors can reduce the PH level and lead to chemical reaction of corrosion. The external factors are related to the quality parameters of concrete and steel; cement content, admixtures, curing water, aggregates including chloride salts, w/c ratio, chemical composition and structure of reinforcing steel. The technical report from FHWA [4] introduced the cases of prestressing steel strand fracture at existing bridges, and it is found that the corrosion of prestressing steel in duct mostly occurs at two weak locations; void in duct and anchorage. First, the void in the duct is formed when the grout is not sufficiently filled or makes bleeding water, which causes the strands is exposed to air. The cases of corrosion due to void were found at Mid-Bay Bridge and Ringling Bridge. Another reason of the stand corrosion is insufficient sealing of anchorage. The anchorage zone is the most exposed part to external environment especially when it is located at an expansion joint. Therefore, it can be the path of infiltration of chloridecontaminated water if the anchorage contains voids. This corrosion phenomenon was found at Sunshine Skyway Bridge and Niles Channel Bridge. Fig. 1 shows the typical corrosion of the external tendons after uncovering the duct.
As the strand corrosion has emerged as an issue, many researches have been conducted to evaluate the performance of the corrosion strand. Existing classification of corroded strands introduced in U.S were made by visual inspection [4] [5] [6] . This method was used to visual inspection of VarinaEnon Bridge. The quantitative evaluation method for corrosion damage was introduced in ASTM standard [7] . This method is based on mass loss and exposed time, therefore, this suggestion is hard to be adopted in this paper, because measuring mass is impossible method in the practical inspection. WU and LI [8] suggested mechanical performance of corroded prestressing steel strand. The corrosion on the strand specimens occurred artificially using salt spray test, and the mechanical performance is with respect to the extent of corrosion measured by mass loss. Lu et al. [9] suggested prediction models of the mechanical behaviour of corroded strands. The measuring method of extent of corrosion was based on reduced geometric sectional area with pitting depth.
In this paper, advanced prediction model of the mechanical behaviour of corroded strands is suggested. The extent of corrosion of a wire is based on the loss of sectional area with pitting depth with respect to three types of pit configuration. The mechanical behaviour of the wires were analysed by finite element method, and the behaviour of seven-wire strand was predicted using equivalent spring model. The prediction models were compared to the results of tensile tests.
2.
Corrosion inspection and section loss
Corrosion inspection
In this paper, prestressing steel strands in external tendons of existing bridge were inspected for the corrosion. The inspected bridge has 12 external tendons, and each tendon has 19 strands. Because the steel strand is surrounded by grout and duct, it is hard to know whether it is corroded. The sounding inspection, therefore, was conducted with hitting rod to find out the location of void in ducts. Once a large void had been detected from sounding inspection, duct was opened for the detailed visual inspection. The occurrence of voids was mainly found in the upper bent part of the tendon profile because the air and bleeding water in the grout collects at the top. The corrosion occurred mainly at the upper bent part where has void as large as strands exposed to air, which was similar to the corrosion cases introduced in FHWA report [4] . The extent of corrosion was related to the amount of reaming grout. Entirely protected part of the strands had no corrosion at all even though other strands were severely corroded in a cross section of a tendon. The visual inspection of corroded strands [4] [5] [6] was attempted, however, it was hard to judge whether the corroded strands must be replaced, because extent of corrosion was varied according to investigators. This led to the need for quantitative method, and predicting mechanical performance using pitting depth has attempted thereby. Among the measuring method of pitting depth in ASTM G46-94 [10] , using pit depth gauge was selected (see Fig. 2 ). This method is relatively easier and faster to apply to field inspection than others as microscopic and metallographic methods. The needle inside the pit depth gauge comes out from middle of the base plate reaches the corroded surface of a wire, and the distance from base plate to needle tip is measured. The deepest location of the pit was, of course, hard be found. Therefore, several times of measurement had been conducted at the same location until the deepest depth was specified. The corroded surface of strands had been cleaned before it is measured. After 7 wires in a section that had the largest loss area were measured, quantitative sectional loss of the strand has been evaluated by the method introducing in this paper.
Evaluation of section loss according to pit configuration
The extent of corrosion is the most important parameter to evaluate the mechanical behaviour of corroded strand. In the electrochemistry, that is generally defined by mass loss [8, 11, 12] . This method, however, may not be accurate when the corrosion spread widely, because the behaviour of strand is governed by the most corroded section with smallest area. On the other hand, section loss can be more directive factor to evaluate the mechanical behaviour. Several researchers suggested corrosion shape called pit configurations in order to facilitate the calculation of the cross-sectional loss. Lu et al. suggested hemispherical pit configuration [9] based on Val and Melchers model [13] . Stewart also proposed similar shape of pit configuration in rebar [14] . Hartt and Lee proposed planar pit configuration [15] . These assumptions have the advantage that the cross-sectional loss can be defined in relation to the pit depth but disadvantage that single configuration can explain only the similar pit configuration. The definition of pit configuration in this paper is intended to figure out the section loss so that inspector can make relatively accurate judgement on the severity of the corroded strands, and the inspector can visually recognise the corrosion shapes without additional inspection.
In order to explain the behaviour of corroded strand, corrosion shapes have been analysed from observation of the real corroded strands in this paper, and that resulted in three representative models of pit configuration as shown in Fig. 3 . The section photos depict real corrosion shape of corroded wire corresponding to the types. The grey area in the figure is the residual cross-sectional area.
The loss of sectional area can be calculated through Eqs.
(1)- (6) .
A sl,1-3 are the loss of sectional area according to the type of pit configuration, r is the radius of a wire, and d p is the pit depth measured by depth gauge at the deepest location.
3.
Tensile test of corroded strand
Test specimens
A total of 16 seven wire strands (3 non-corroded strands and 13 corroded strands) were collected with length of 800-1000 mm from existing bridge. The strand has nominal diameter of 15.2 mm and sectional-area of 138.7 mm. The radius of a wire is 2.6 mm for the core wire and 2.5 mm for outer wires. From the tensile test of non-corroded strands, the tensile strength and elongation were found as 1865 MPa and 75,000 , respectively. Before tests were conducted, they were cleaned with steel brush and rust remover. Inspection to evaluate the section loss was also conducted along the length of the specimen with pit depth gauge so that the location of the most corroded section be found. For the quantitative comparison of corrosion, the extent of section loss, denoted as , was expressed as follows:
where A 0 is the sectional area of a wire, and A sl is the loss of sectional area from Eqs. (1)- (6) . Each wire has own pit depth and pit configuration, therefore, section loss should be evaluated six times to calculate the section loss of a strand (A strand has six outer wires and one core wire. The core wire is hard to be measured and mostly not corroded). Total section loss of a strand is the sum of section loss of six wires. Table 1 shows the list of test specimens with section loss of the most corroded wire among the seven wires in a cross section and section loss the strands at the cross section. In the previous research on the corroded strands, the strength capacity was reduced up to 7.4% even in moderate corrosion [16] , and the Specification for Grouting of Post-Tensioned Structures from PTI [17] suggested prestressing steel be rejected if pit is larger than 0.002 in. Therefore, the target of corrosion degree in this paper is set strictly, and this paper also shows the corrosion level of wire is more important than the section of a strand.
Tensile test
The tensile tests were conducted with a universal testing machine as shown in Fig. 4(a) . The specimens were loaded up to their failure by displacement control method with speed of 5 mm/min. The failure of corrosion was defined as a moment that even a wire is broke. In the tensile test, two end sides of the strand are held by the grip. If the grip wedge contacts the surface of a strand directly, crack can be propagated from the wedge earlier than the tensile strength of the wire due to stress concentration. For this reason, Kim et al. [18] suggested to wrap the end parts with silica-coated aluminium foil to protect the end parts. This method was adopted in this paper. The elongation was measured by extracted data from the machine, not extensometer because sudden rupture of a strand can make damage. To verify the reliability of the data, 11 corroded specimens were tested preliminarily with 100 mm distance of marker (see Fig. 4(b) ) at the most likely failure zone only focusing on the elongation. The elongation was measured after tensile test finished by vernier callipers from the distance between markers (see Fig. 4(c) ). This elongation included the elastic shortening, therefore, the results from the machine were adjusted and compared by subtracting the elastic shortening. Table 2 shows the results of elongation. The average and standard deviation of differences between two results is 0.00254 and 0.00175, respectively. Considering that the average of elongation is 3% of non-corroded strand which is 0.0752, the data from machine is considered acceptable. Fig. 5 shows the stress-strain curves of corroded strands from tensile test, and it results that the ultimate strength and strain of the corroded strands decreases according to the extent of corrosion. However, the trend of the decrease seems to have different aspect from conventional studies on corrosion. As shown in Table 1 , the section losses of the strands are not too much different (the greatest difference is 3.7%), while the difference of strain between non-corroded and corroded strands is about 0.065 which is 87% of the strain capacity of non-corroded strand. On the other hand, the section losses of wires are relatively greater difference (19.23% at most), and it leads to the assumption that most corroded wire governs the behaviour of the strand. To explain this assumption on the behaviour of corroded wire, it was decided to conduct finite element method (FEM) as below.
4.
Finite element analysis
Analysis model of corroded wire according to the pit configurations
A strand consists of six outer wires and a core wire. This led to the assumption that the behaviour of a strand is combination of the behaviours of each wire. In this paper, FEM analysis was conducted to evaluate the mechanical behaviour of the wires if they have section loss according to the pit configurations in Fig. 3. Fig. 6 shows model design for corroded wire according to the pit configurations.
In Fig. 6, d p is the depth of the pit, w p is the width of the pit along the length, and R is the radius of fillet at the corner. The FEM models were made with various pit depth from 0.1 mm to 1.5 mm as shown in Fig. 6 . The R and w p were varied with type of pit depth and configuration to avoid local strain concentration. The length of the wire was modelled as 100 mm.
The material model of non-corroded strand was characterised by bi-linear curve to approximate the behaviour of non-corroded strands. The average mechanical properties of the three non-corroded stands from the tensile test are shown in Table 3 . The Poisson's ratio is = 0.3. Fig. 7 shows bi-linear 
Analytical behaviour of corroded wires
The finite element analysis models had been simulated using ABAQUS/Explicit under axial tensile loading until it stopped due to convergence problem. Arc length method as a numerical solution was used to guarantee that it simulated degradation behaviour after peak, because the purpose of this analysis was to estimate ultimate strength and strain. The strand has seven wires, therefore, the result strength of wire analysis was considered as the sum of strength of wires when compared to the test result. The differences between test and analysis on non-corroded strand were 8.1% and 3.6% with respect to strength and strain, respectively. This can be acceptable considering the conservative evaluation. For the mechanical properties of corroded strands with respect to the ultimate state, ultimate stress and strain reduction according to the section losses, calculated from Eqs.
(1)-(6), was collected from analysis result of load-displacement relation (see Fig. 8 ). When stress was calculated, non-corroded section, which means no section loss, was considered so that the derived mechanical properties from the analysis result can be used to structural analysis of a member like girder without change of section property. This means only the change of material properties must be considered in a section of member including corroded strand without change of sectional area when structural analysis is conducted to analyse the behaviour of the member because the mechanical properties already have information of change of sectional area of corroded strand. The relations between ultimate state properties and section loss were derived from regression analysis, and the stress reduction behaviour was expressed into two regions, because the behaviour is suddenly changed after the analysis models with pit depth of 0.5 mm.
Equivalent material model of corroded strands

Stress-strain relation of corroded wires derived from analysis
The stress-strain relation of a corroded wire was defined with bi-linear model. Eqs. (8) and (9) are the equations derived from regression analysis in Fig. 8 to define the ultimate state properties.
where f u.c and ε u.c are the ultimate stress and strain of corroded strand, respectively. is section loss according to Eq. (7). The coefficients a, b, c, d, e, f, and g are defined from regression analysis with respect to pit configurations, which are shown in Table 4 . The yield stress and strain, in this paper, are defined as follows: 
where f y. c and ε y. c are the yield stress and strain of corroded wire, respectively. f u.c and ε u.c are the ultimate stress and strain of corroded wire, respectively, from Eqs. (8) and (9). E s is elastic modulus of a strand. Using Eqs. (8), (9), (10) , and (11), stress-strain relation of a corroded wire can be mathematically expressed as follows:
where w (ε) is the stress of a wire with respect to ε. Fig. 9(a) shows the derived stress-strain curve for a corroded wire according to Eq. (12) , and the examples of the stress-strain relations regarding to the pit configuration of type 1 are depicted in Fig. 9(b) .
Spring model of corroded strands for equivalent material model
The strand, again, consists of six outer wires and a core wire, therefore, this paper suggested that the behaviour of a strand is a combination of the behaviour of each wire. Lu et al. [9] proposed a spring model for theoretical analysis of the behaviour of corroded strands, and this model is adopted in this paper (see Fig. 10 ) with assumptions as follow. First, the damage model of corroded strand is expressed with spring model consists of a row of identical springs and rigid plate at both ends. Second, the friction behaviour between the surfaces of wires is neglected. Third, the external load or displacement should be shared uniformly and balanced to the springs. Fourth, each spring model has the behaviour of a wire defined by the stress-strain relation of Fig. 9(a) . Fifth, the ultimate strength and strain of this model are determined when the weakest spring is reached its capacity. Sixth, the considered cross sectional area of each spring is only the area of intact wire without section loss because the section loss property is already considered in the derived stress-strain relation as explained in Chapter 4.2.
Base on the spring model, the equivalent material model for the corroded strand can be expressed as follows:
where s (ε) is the stress of a strand with respect to ε. w,i (ε) is the stress of a i th wire making up the strand, and A 0,i is the cross sectional area of the i th wire.
To verify the equivalent material model of corroded strand, Eq. (13), the results of tensile test in Fig. 5 were compared as shown in Fig. 11 . Reduction of tensile strength of the corroded strand is well predicted by the proposed method. Considering irregularity and variance of corroded shape of wires, it can be said that the proposed equivalent material model of a strand with corroded wires is in reasonable agreement with the experimental results. The most important aspect of the mechanical behaviour of the corroded strand is the reduction of fracture strain of corroded wires. Therefore, the equivalent spring concept can be used for the assessment of prestressed concrete structures with corroded strands in terms of strength and deformation capacity.
Conclusion
In this paper, mechanical behaviour of corroded strands was estimated by detailed inspection, tensile tests and simplified analytical approach. The following conclusions are derived from the investigation.
1) The corrosion shape of a strand can be divided into three types of pit configurations, and equations to evaluate the sectional loss area are proposed in terms of the pit configurations. 2) Tensile strength and fracture strain of corroded strands were evaluated from tensile tests. The amount of decrease in tensile strength was larger than the amount of decrease in the reduction in cross sectional area, and the decrease of fracture strain was large enough to be cautious.
3) The stress-strain relations of corroded wire were derived from finite element analysis, which covers properties of pit configurations and various section losses. 4) A spring model including stress-strain relations of wires was adopted to simplify the evaluation and derive the equivalent material model of a corroded strand. It was verified that the equivalent material model estimated properly the strength and ductility of the corroded strand.
It is expected that the proposed method will be able to analytically evaluate the change in the structural behaviour of the concrete structure with corroded strand.
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